The present study describes the biocorrosion of mild steel (MS1010) and pure copper (Cu) in cooling water environments (both field and lab study). Electrochemical and surface analyses of both metals were carried out to confirm the corrosion susceptibility in the presence of bacteria and inhibitor. Surface analysis of the MS and Cu coupons revealed that biofilm was developed with increasing exposure time in the field study. In the lab study, accumulation of extracellular polymeric substance over the metal surface was noticed and led to the severe pitting type of corrosion on both metal surfaces. Besides, the anti-corrosive study was carried out using the combinations of commercial corrosion inhibitor (S7653-10 ppm) with biocide (F5100-5 ppm), and the results reveal that the corrosion rate of MS and Cu was highly reduced to 0.0281 and 0.0021 mm/year (inhibitor system) than 0.1589 and 0.0177 mm/year (control system). Inhibition efficiency for both metals in the presence of inhibitor with biocide was found as 82 and 88% for MS and Cu, respectively. The present study concluded that MS was very susceptible to biocorrosion, compared to copper metal in cooling water environment. Further, the combination of the both inhibitor and biocide was effectively inhibiting the biocorrosion which was due to its antibacterial and anti-corrosive properties.
Introduction
Corrosion is a pervasive problem encountered in designing cooling water treatment programs (Flemming 1996; Rajasekar and Ting 2011; Narenkumar et al. 2017a Narenkumar et al. , 2018 . In natural and artificial environments, corrosion occurs when materials made of pure metals/alloys undergo a substance change from the ground state to an ionized species (Booth 1971) . Corrosion is an electrochemical reaction and containing of an anodic reaction involving the oxidation of the metal surface (corrosion reaction), and a cathodic reaction involving the reduction of ions (Beech and Gaylarde 1999; Wang et al. 2006; Rajasekar et al. 2007; Parthipan et al. 2017a ). These reactions can be accelerated by microbial communities while organisms are in close contact with the metal surface and forms a biofilm which causes the metal deterioration (Fontana 1986; Wang 2015; Narenkumar et al. 2016; Parthipan et al. 2017b) . Biofilms consist of microbial community of cells and the extracellular polymeric substances (EPS), which facilitate the attachment of cells on the metal surface and inorganic precipitates derived from the corrosion products of the metal substratum (Jayaraman et al. 1997; Harrah et al. 2004; Rajasekar and Ting 2011) . Cooling towers are used in industries for heat transfer without the need for refrigerant. Cooling towers function by transferring heat from recirculating water into atmosphere (MacDonald and Brözel 2000) . These towers provide a unique atmosphere and typically maintain the temperature between 25 and 35 °C which favour the microbial growth and dissemination (Wagner and Little 1993; Xu et al. 2012; Colombol and Electronic supplementary material The online version of this article (https ://doi.org/10.1007/s1320 5-018-1196-0) contains supplementary material, which is available to authorized users. Trasatt 2018) . Both substrata and microbes present in the incoming water lead to the presence of microorganism in the cooling water system.
Copper and copper alloy metals are widely used in industrial applications due to high conductivity, excellent corrosion resistance and mechanical workability. Cu is mostly used in electrical lines, heating, cooling systems, pipelines and sea water transport (Martinez et al. 2004 ). MS material is also widely used in pipelines to transport water to cooling tower (El-Shamy et al. 2009 ). The rust has a negative effect on heat transfer and thus decreases in cooling efficiency of the equipment . In this present investigation, the impact of biofilm on biocorrosion of MS and Cu in the cooling water system is evaluated using EIS and WL methods. The effect of dosage concentration of the biocide and corrosion inhibitor is also investigated.
Materials and method

Background information of the cooling tower water
The cooling tower, located in Teijin Polycarbonate Singapore Pte Ltd, Singapore (1.2635°N, 103.6946°E), has a dimension of 9.4 m × 6.8 m × 1.5 m (water depth) and a capacity of 2000 m 3 /h. The cooling water was supplied by SembCorp Utilities and Terminal (SUT) and maintained at about 31.2 ± 2 °C. The physiochemical parameters of the cooling tower water was estimated by Himedia kit.
Enumeration of bacteria
A sample of water was collected at a cooling tower using sterilized conical flasks and transported in an ice box to the laboratory. The samples were serially diluted (tenfold) and subjected to pour plate technique for aerobic bacterial isolation. Nutrient agar was used to enumerate heterotrophic bacteria (HB). After the incubation of the plates at 30 °C for 24 h, the total viable count was enumerated (Rajasekar and Ting 2014) . The isolated bacterial strains were used as mixed cultures for the biocorrosion study (Lab study).
Metal sample preparation
MS1010 coupons containing 0.37% silicon, 1.24% manganese, 0.026% sulphur 0.027% phosphorus,, 0.19% copper, 0.16% carbon 0.007% nitrogen, 0.02% aluminium, and 97.96% iron and Cu coupons (purity > 99.9%) were exposed to the cooling tower water to examine susceptibility of the metal to biofilm formation.
Before the experiment, all the coupons were sequentially ground with a silicon carbide paper (180, 500, 800, 1200 and 1500 grades) to a smooth surface, and ultimately polished to a mirror finish surface by 0.3 μm alumina powder. The mirror finish coupons were rinsed with sterile dis H 2 O, and 70% ethanol for surface sterilized and finally stored in a desiccator. Coupons of three different sizes were used in the present study: (a) round coupon with diameter of 10 mm for EIS and Fourier transform infrared spectroscopy (FTIR analysis); (b) round coupon with diameter of 8 mm for scanning electron microscope (SEM) observation; and (c) 7.5 cm × 1 cm and a 0.1-cm thick coupon for WL experiment.
Corrosion studies
Field study
Polished MS 1010 and Cu metal coupons were exposed to the cooling tower water system in the field condition. After different time intervals (10, 25, 35 and 90 days), both types of coupons were removed and subjected to the WL, EIS and surface analyses. For WL determination, the metal coupons were pickled in Clark solution (hydrochloric acid-1 L, antimony trioxide-20 g, stannous chloride-50 g) and washed in dis H 2 O and dried with an air drier. Triplicate experiments were run for each system. The final weights of the coupons in every systems and time intervals were taken, and the corrosion rate was calculated following the NACE standard protocol (NACE 2005) .
Laboratory study
The electrolyte used in the laboratory study was cooling water collected from the cooling tower at Teijin Polycarbonate Singapore Pte Ltd. A commercial corrosion inhibitor (KURITA, S-7653) composed of polyphosphate, phosphate, zinc salts and a polymer was used as a scale inhibitor, and a bacteria control agent (KURITA, F-5100) was used as a biocide to control slime-producing bacteria. Biocorrosion experiments were initiated by hanging sterile mirror finish MS and Cu coupons on a nylon thread in both with and without the bacteria/corrosion inhibitor (S7653)/biocide (F-5100) (Rajasekar and Ting 2014; Narenkumar et al. 2017b ). The experimental scheme is shown in Table 1 . At the end of the experimental system (10 days), the coupons were removed and subjected to EIS (polarization), FTIR and SEM-EDX analysis. For systems 3-6, 1% nutrient broth was added as an energy source for bacterial growth. Bacterial culture was enumerated for both Cu and MS coupons in the simulated cooling water system.
Electrochemical study
Corrosion characterization of MS and Cu (field study) metals was carried using EIS. Potentiodynamic polarization (GPES) was conducted using Autolab PGSTAT101 (Eco Chemie, B.V., Holland). Each experiment was subjected in a three-electrode electrochemical cell, with an Ag/AgCl electrode (Metrohm Pte, Ltd) as the reference electrode and a platinum electrode as the counter electrode. EIS measurements were performed ex situ; the coupons removed in each system were embedded from sample holder in the corrosion cell (purchased from Metrohm Pte, Ltd). The exposed surface area of 0.785 cm 2 performs as the working electrode. ES measurement procedures were adopted from our earlier studies (Rajasekar et al. 2008 (Rajasekar et al. , 2017 Narenkumar et al. 2017c ).
Surface analysis
At the end of the corrosion experiment, the coupons were subjected to SEM to assess the bacterial assemblage. The biofilm on the metal surface was fixed using 3% glutaraldehyde in a phosphate-buffered solution overnight and washed with ethanol serially (25, 50, 75-95% concentration) (Rajasekar et al. 2007 ). The samples were subsequently dried and stored in desiccators before they were visualized after platinum coating with SEM (Jeol JSM5600) operating in beam voltage of 15 kV. To analyse biofilm formation on metal coupon (MS and Cu), the surfaces were examined using an FTIR (Bio-Rad Model: FTS 135) (Rajasekar and Ting 2014) .
Results and discussion
Field study
Bacterial enumeration
The physiochemical properties of cooling tower water pH, alkalinity, hardness and chloride were observed as 8.5, 157, 122 and 235 mg/L, respectively. The total viable heterotrophic bacteria in the cooling waste sample was found to be 2.12 x 10 4 CFU/mL and confirmed the occurrence of bacteria in the cooling water.
Weight loss study
Weight loss data for Cu and MS metal coupons at different exposure time intervals in the cooling tower water are presented in Table 2 . Cu and MS weight loss on exposure for 10 days was found to be 0.0198 and 0.231 g, and increased with exposure time. The data reveal that more severe corrosion occurred for MS (0.802 g) than Cu (0.048 g) in the cooling water environment. Examination Table 1 The experimental scheme of biocorrosion system (lab study) S. no. Systems Experimental scheme 1 System 1 400 mL of sterile cooling tower water 2 System 2 400 mL of sterile cooling tower water with the inhibitor at 10 ppm 3 System 3 400 mL of sterile cooling tower water with 1 mL of overnight mixed consortium (1.4 × 10 4 CFU/mL) 4 System 4 400 mL of sterile cooling tower water consisted of 1 mL of overnight mixed consortium with inhibitor (10 ppm) 5
System 5 400 mL of sterile cooling tower water consisted of 1 mL of overnight mixed consortium with biocide (5 ppm) 6
System 6 400 mL of sterile cooling tower water consisted of 1 mL of overnight mixed consortium with the corrosion inhibitor (10 ppm) and biocide (5 ppm) of the data showed that weight loss increases with corrosion rates decreasing over time. This observation was adopted by Ma et al. (2010) that corrosion rates initially increased then decreases and again suddenly increased in the marine environment. It can be concluded that the corrosion of MS was more severe corrosion than Cu in the cooling water environment with exposure time (Narenkumar et al. 2016) .
Electrochemical study
From the polarization study (Table 3 and Fig S1) , the corrosion current density of the Cu metal at different time periods (10, 25, 35, 45, 50, 60 , 90 days) was found to be 2.29 × 10 −7 , 1.24 × 10 −10 , 8.09 × 10 −10 , 4.23 × 10 −7 , 2.4 × 10 −7 , 1.16 × 10 −7 , 2.27 × 10 −6 A/cm 2 , respectively. It can be concluded that initially (10th day) the dissolution of Cu (2.29 × 10 −7 A/cm 2 ) was high when compared to MS (2.96 × 10 −8 A/cm 2 ). Over time, a thick corrosion product formed on the Cu metal surface and decreases current density. On the 90th day, however, the I corr value was found to be higher in Cu (2.27 × 10 −6 A/ cm 2 ) due to the removal of the thick corrosion product. MS showed a higher I corr value (3.38 × 10 −7 ) compared to Cu (8.09 × 10 −10 ) for the 35th day sample. Polarization data revealed that MS was more prone to corrosion at the exposure time of 35th day. But the Cu metal only after the exposure time of 60 days. It can be concluded that, compared to MS, the higher corrosion resistance of Cu protective film was due to the Cu 2+ ions toxicity to the bacterial growth (Fonseca et al. 2004 ). The WL data were also consistent with the polarization data.
Surface analysis
SEM analysis
The SEM of Cu at different exposure times (Fig. 1) showed the development of biofilm and its increase in the exposure time. SEM of MS after 10th day (Fig. 1b1) showed the thicker biofilm formation on the surface compared to the Cu. MIC was linked to cellular adhesion and extracellular polymeric substances (EPS) produced during biofilm formation. These adhesion processes and the subsequent EPS production lead to an important modification of the metal interface. Its partial or total coverage by strongly adherent biofilms produces a barrier to the exchange of elements between the metal surface and the aqueous environment. Important changes in the type and concentration of ions, pH and redox condition were induced by the biofilm, altering the passive behaviour of the metal substratum and its corrosion products, as well as the electrochemical parameters used to assess corrosion rates. Hence, in the present study, the higher production of EPS influences the differential aeration on metal surfaces which results altering the pH and redox reactions (potential difference) on the metal surfaces which leads to acceleration of corrosion product (Shameer 2016; Booth 1971; Narenkumar et al. 2018 ).
FTIR analysis
FTIR pattern of the biofilm formed on Cu and MS coupons exposed to cooling water at different time intervals is shown in Fig. 2 . The distinct peaks at 1000 cm −1 were observed in the IR spectrum are assigned to the C-O group of polysaccharides. A broad band was noticed in the range corresponds to amide-I (Obuekwe et al. 1981 ) and the intensity lesser peak 1500 cm −1 assigned to the symmetric deformation of the NH 3 + group of zwitterions adhesion on the surface of Cu and MS. A strong band was noticed at the range of 1675-1620 cm −1 which assigned to the C=O stretching vibration. 
Lab study
Weight loss study
The WL data for MS and Cu metal coupons at different systems in simulated cooling tower water are presented in Table 4 . In System 1, the WL of MS and Cu was about 0.0576 and 0.0479 g, respectively. In the presence of corrosive mixed bacterial cultures (System 3), MS and Cu underwent severe corrosion of about 0.0817 and 0.0650 g, respectively. Compared to the control, both metals showed the higher WL in the presence of mixed culture (Raoa et al. 2000) . Addition of corrosion inhibitor (System 2) resulted in an inhibition efficiency of about 81 and 90% for MS and Cu, respectively. In the presence of mixed cultures, however, the inhibition efficiency of the corrosion inhibitor was reduced about 25% (System 4). The addition of biocide (System 5) resulted in an inhibition efficiency of the MS and Cu at 56 and 50%, respectively. The use of both corrosion inhibitor and biocide (System 6) increased the corrosion inhibition efficiency of both metals to about 82 and 88%. When compared to the previous literature, higher corrosion inhibition efficiency was observed (Table 5 ). It can be concluded that the corrosion inhibitor adhesion on the metal surface increases the inactive film. The biocide inhibits the biofilm formation on MS and Cu metal surface. The growth pattern of bacterial culture with and without/inhibitor/biocide is shown in Fig S2. The growth rate of mixed culture in Cu and MS was noted as 10 4 and 10 5 . In contrast, the addition of inhibitor and biocide growth curve was significantly reduced up to 10 1 level due to inhibitor and biocide form a protective layer on the surface, and thus inhibit the bacterial attachment and growth. Generally, the addition of inhibitor and biocide system 6, the inhibitor/biocide was adsorbed on the Cu/MS metal surface as protective layer to prevent the biofilm formation and inhibit the adsorption corrosive chemical compounds, which leads to reduction of corrosion rate (Booth 1971; Narenkumar et al. 2017c ).
Electrochemical study
Tafel polarization curve and its related data are presented in Fig S3 and Table 6 for Cu and MS metals in the presence and absence of the mixed cultures/inhibitor/biocide. The charge transfer resistance (R ct ) values of system 6 were higher in the presence of inhibitor and biocide (8.21E+08, 8.01E+07 Ω cm 2 ) due to protective layer formed on the metal surface. In contrast, the presence of bacteria, creating the differential aeration/concentration cells, changing pH, depleting oxygen, utilizing cathodic hydrogen or by producing hydrogen, removing atoms from metals. Hence, the R ct (1.66E+04 and 1.55E+03 Ω cm 2 ) was significantly decreasing in the metal surface (system 3) (Flemming 1996) . The open circuit potential (OCP) of mixed cultures was noted as − 214 and − 198 mV, respectively. The mixed culture OCP was more negative, which indicated the breakdown of the protective film on the copper metal. Corrosion of iron in an aqueous environment was an electrochemical event that electrons engendered through anodic effect of metal and H + produced through dissociation of water. Combination of these reactions leads to molecular hydrogen formation. This process was called as cathodic polarization that a layer of hydrogen be able to shelter the metal. The key rust formed in this process is Fe(OH) 2 . The presence of inhibitor and biocide forms a layer on the metal surface and thus leads to the inhibition of hydrogen. In addition, the presence of inhibitor and biocide polarization curve was shifted to cathodic side (Zarasvand and Ravishankar Rai 2016; Narenkumar et al. 2017a ). The corrosion current (I corr ) increases in the mixed culture systems (3.13 × 10 −6 A/cm 2 ) than control system (2.06 × 10 −6 A/cm 2 ). Combination of corrosion inhibitor with biocide (System 6), led to a decrease in I corr values for Cu and MS to about 6.78 × 10 −7 and 2.02 × 10 −6 A/cm 2 , when compared to control system. Hence, the corrosion inhibitor forms the protective passive film on MS and Cu metal surfaces which inhibited the bacterial attachment on metal surface and thus control the MIC of both metals. The WL data confirmed the EIS data too .
Surface analysis
The SEM image of the Cu and MS metal in the different systems is shown in Fig. 3 . In the presence of mixed cultures, a thick biofilm was formed on Cu (Fig. 3a) and MS (Fig. 3a1 ) metal surfaces. The combination of the corrosion inhibitor with biocide resulted in significantly reducing the biofilm in both the metal surfaces. The biocide system showed the good antibacterial property against the corrosive bacteria in the cooling water environment. The amount of corrosion caused by corrosive bacteria was assessed by pits on the coupon surface, using SEM analysis (Fig. 3) . SEM analysis of the coupons after the end of the exposure time, the mixed bacterial culture in simulated cooling water environment showed severe pitting type of corrosion (Fig. 3b, b1 ) when compared to the control (Fig. 3a, a1) . A significant reduction of mixed cultures on both the metals in the presence of biocide was evident in System 5. In contrast with System 1 and 3, no pitting type of corrosion was observed in the System 6.
FTIR analysis
The FTIR pattern of the biofilm formed on Cu and MS exposed to cooling water (System 1-6) is presented in Fig. 4 . The narrow peaks observed in the range of 1000 cm −1 due to C-O group of polysaccharides. The band was obtained in the range of 3000-3500 cm −1 which was due to the presence of adsorbed water molecule and OH/NH groups (Fonseca et al. 2004; Jones and Amy 2000) . The band at 1650 cm −1 corresponds to amide-I. A strong band observed as 1675-1620 cm −1 which assigned to the C=O stretching vibrations. The peak at 1242-1254 cm −1 stretching vibration was assigned to -OH group. The biofilms exhibited the high intensity of peaks in MS when compared to Cu, and showed that MS 1010 steel was very susceptible to biofilm formation. FTIR indicated that in the addition of corrosion inhibitor with biocide, the intensity of peaks was highly reduced, which was due to the lesser adhesion of mixed consortia on the metal samples (System 6).
Conclusion
The biocorrosion of metal surface (MS1010 and pure copper) exposure to the cooling water tower (field study) up to 90 days and simulated cooling water system (Lab study) was investigated successfully using weight loss method, EIS, FTIR and SEM-EDX analysis.
Field study
• Enumeration of total heterotrophic bacteria in cooling water sample collected from the cooling tower was found to be 2.12 × 10 4 CFU/mL. It confirms the presence of heterotrophic bacteria in the cooling water system.
• WL showed that MS 1010 has higher corrosion rate (0.2213 mm/year), when compared to the Cu metal (0.0116 mm/year) exposed to the cooling tower water (field study). The corrosion inhibitor forms an oxide layer on the metal surface and inhibits the corrosion reaction. It leads to the formation of compact biofilm-iron/ copper oxide on the metal surface of MS 1010 and Cu. that layer disruption by accumulated corrosion products and thus inhibit the lesser compact biofilm-iron oxide/ copper layer on the MS 1010 and Cu metal surface. EIS studies explained that cooling water contaminant (bacteria) accelerates the pitting corrosion of MS 1010 and Cu metal.
• SEM images reveal the biofilm formation in cooling tower water with exposure time. FTIR analyses confirmed that the organic and bacterial contaminants (MS and Cu) form a thick biofilm at the end of the 90 days of the immersion.
Lab study
• WL data for the simulated cooling water system in the lab study showed that the combination of the corrosion inhibitor and biocide resulted in an inhibition efficiency of about 82 and 88% in MS and Cu systems, respectively. Polarization studies showed that the presence of mixed cultures increased the corrosion current of Cu and MS 1010 to 3.13 × 10 −6 and 5.6 × 10 −6 A/cm 2 , respectively, compared to the control (2.06 × 10 −6 and 3.69 × 10 −6 A/ cm 2 ).
• SEM also confirms the antibacterial activity of the biocide on both the metal surfaces. FTIR results reveal that the EPS surface produced by the mixed culture covalently bound with the metal ion as Fe-O-C strong band on MS 1010 surface. The higher production of EPS on the MS and Cu metal surfaces thus increased the heterogeneity of the biofilm and caused differential aeration.
• MS surface was more susceptible to biocorrosion compared to Cu in cooling water environment, which was due to the high resistance of passive layer formation (copper oxide) on the copper surface.
This study concluded that the combined use of the corrosion inhibitor and biocide was effective inhibiting the biocorrosion of MS1010 and Cu in cooling water environment. 
